Purpose: Transmit arrays are essential tools for various RF shimming or parallel excitation techniques at 7T. Here we present an array design with triangular coils to improve diversity in the B 1 profiles in the longitudinal (z) direction and allow for next-nearest neighbor decoupling.
| I NT ROD UCTI ON
Since its emergence in the early 1980s, MRI of human subjects has been performed at static magnetic field strengths ranging from lower than 0.5T to upward of 7T today. At the same time, the number of RF coils used in reception has increased from 1 to more than 30 for a given study [1] [2] [3] to reap the benefits of increased SNR 4, 5 and to accelerate the imaging process. [6] [7] [8] Meanwhile, the reduced RF wavelength at high frequency and associated interference effects and field inhomogeneity [9] [10] [11] [12] have led to use of multiple independent transmit channels at 7T, [13] [14] [15] with advantages also seen at 3T. [16] [17] [18] These independent channels can be driven to improve RF field homogeneity, 14, 15, [19] [20] [21] [22] accelerate *Deceased.
sophisticated pulse designs to achieve a wide range of excitation patterns, 23, 24 or minimize specific absorption rate. 25, 26 When the elements in a typical array simultaneously transmit or receive signals, mutual coupling between elements decreases the benefit of having multiple channels. Among other things, this results in decreased efficiency during transmission. It is also more challenging to limit the effects of coupling in transmit arrays or transmit-receive arrays during transmission, for which preamplifier decoupling 4 is not applicable. Although during transmission the effects of mutual coupling can be reduced with the use of current source RF amplifier methods, 27, 28 these are currently not widely available for MRI systems. Generally, neighboring elements can be decoupled by various means, including geometric decoupling, 1,4 capacitive decoupling 29, 30 and inductive decoupling. 31 However, it is more difficult to mitigate the often substantial coupling between next-nearest neighbor coils. Some existing designs try to reduce coupling by constraining the element size 32 or complex decoupling networks. 16, 33 As with parallel imaging techniques for signal reception, RF shimming and parallel excitation techniques can benefit from distinct coil field patterns. First-generation transmitreceive array coils employed a single row of rectangularshaped elements. 14, 15 These coils are designed with field uniformity in mind and provide excellent acceleration performance in the transverse directions. Modern day multirow arrays provide more diverse field distributions to enhance the acceleration performance in the longitudinal (z) but generally require a larger number of channels.
34-36
Here we present an array design composed of triangular elements that allows for capacitive decoupling of nearest neighbors and simultaneous inductive decoupling of next-nearest neighbors while also providing variety in field patterns in the longitudinal direction. To evaluate the proposed design, 2 cylindrical 8-channel arrays having the same length and diameter, 1 of triangular coils and the other of rectangular coils, were constructed and compared in phantom imaging experiments.
| ME THO DS
An 8-channel cylindrical array of triangular coils was built on a 15.24-cm diameter acrylic cylinder. The conductive structures were machined from flame retardant (FR)4 circuit boards, with all conductors having 1 cm width. The length of the coil array was 12.5 cm. The triangular shape brought the corners of next-nearest neighbors close together ( Figure 1A ), which allowed a pair of counter-wound inductors L to be placed such that the next-nearest neighbors can be decoupled ( Figure 1B) . The mutual inductance of the pair could then be mechanically adjusted to cancel the mutual inductance of the corresponding coil elements and achieve satisfactory decoupling. Nearest-neighbor elements were decoupled capacitively through the variable capacitors C d on the shared rungs ( Figure 1A) . Triangular elements were tuned independently to 297.2 MHz in the presence of a phantom (12 cm diameter, 24 cm length, e r 5 57.5, and r 5 0.8 Siemens/m at 297.2 MHz; see also Ref. 37 via variable capacitors C t , with nearest neighbors and next-nearest neighbors decoupled. Through an iterative process, a value for C 2 of 8.2 pF was chosen to be close to the C d required to balance the currents, based on the total capacitance required on the rungs to decouple nearest neighbors, and the value of C 1 (4.7 pF) was chosen to be close to C t . Finally, each element was matched to a 50-ohm coaxial cable by a capacitor placed across the port, followed by a cable trap to block common mode currents ( Figure 1B ). Because adjacent elements were fed from opposite ends of the array, the cables of 4 channels in the array were routed back across the elements. For each of those 4 cables, a platform in the center of the coil with an additional shielded cable trap was used to minimize the coupling between coils and the cable. For comparison, an 8-channel rectangular coil array, equivalent to the degenerate birdcage structure, 15 with identical overall dimensions to the triangular coil array was also constructed. Each element in the array was rectangular in shape, with 8 capacitors distributed around each loop ( Figure 1C ). The nearest neighbors were decoupled by shared capacitors C rung on the rungs, and no next-nearest neighbor decoupling was applied. Each element was tuned to 297.2 MHz independently via capacitor C t with the presence of the same cylindrical phantom, and the values of capacitors C 1 (6.9 pF) and C rung (9.4 pF) were determined in a similar method as for C 1 and C 2 in the triangular coil array. Each element was matched to 50 ohm by a capacitor placed across the port, and each transmission cable included a cable trap to block common mode currents ( Figure 1D ). Both triangular and rectangular elements were evaluated on the bench to assess the loaded-to-unloaded quality factor ratio and decoupling to neighboring coils. Quality factor was assessed by transmission measurements (S 12 ) on a network analyzer (model E5071C, Agilent) for a disconnected element with a pair of decoupled inductive probes coupled to the isolated coil with and without loading by a phantom. Coupling between 2 given elements were made with S 12 , with all the other elements of the array connected to 50-ohm terminators.
After the bench measurements, both arrays were interfaced to a 7T scanner with 8-channel parallel transmit capability (Siemens, Erlangen, Germany) using an in-housebuilt transmit-receive interface. Phases to the elements were chosen to create constructive interference (circularly polarized excitation) at the center of the phantom by finding the phase of each channel there and compensating the difference. To determine the RF voltage needed to achieve a 90-degree flip angle in the center of the phantom, a turbo-FLASHbased B 1 -mapping sequence was used (TR/TE/BW 5 10,000/2.1/1,002; FOV 5 256 mm 3 128 mm; matrix 5 128 3 64; slice 5 5 mm). The scanner transmitter reference voltage was defined as the voltage needed to achieve a 180-degree flip angle with a 1-ms square pulse. The B 1 1 map of the 8-channel cylindrical triangular coil array was compared with the rectangular coil array using color-scaled flip angle maps in the central transverse and coronal slices. In addition to the central transverse slice, B 1 1 maps were acquired at different locations along z (H40 mm and F40 mm) of each coil array for offline RF shimming. For each array, a set of shimming parameters was determined to optimize the homogeneity of a central region of interest on the center slice, and the same parameters were also applied to the off-center transverse slices. To quantitatively compare the performance of the arrays, normalized RMS error (NRMSE), which was defined as the SD of the differences between actual shimming results and desired patterns (uniform excitations) normalized by the mean values of desired patterns, was calculated for each slice.
SNR was measured using a gradient echo acquisitions both with (signal measurement) and without (noise measurement) RF excitation and calculated according to the Kellman method 38 (TR/TE/BW 5 200/4.1/300, FOV 5 220 mm, matrix 5 256, slice 5 3 mm). For a geometry (g) factor comparison between the 2 arrays, raw k-space data were acquired with the same cylindrical phantom. The same gradient-echo sequence was used, but with FOV set tightly around the phantom to maximize aliasing. Inverse g-factor maps were calculated in a transverse slice with various acceleration factors (R 5 33, 2 3 2), and in a coronal slice with acceleration factors R 5 2 3 and 3 3 along the zdirection. The g-factor maps were plotted as the inverse g-factor 1/g, representing the fraction of the SNR obtained compared to the ideal case in which there is no noise amplification in the SENSE reconstruction. 7 
| RES U LTS
For the rectangular coil array loaded by the phantom, the coupling between any 2 next-nearest neighbors was approximately 211.6 dB when only those coils were active. It proved difficult to decouple nearest neighboring coils through adjustment of the capacitors in their shared legs, but when 2 nearest neighbors were in isolation, it was possible to achieve isolation of approximately 215 dB. When all coils were active, however, the distribution of coupling changed, with much less coupling between next-nearest neighbors ( 220 dB) and higher coupling between neighbors ( 212 dB), as summarized in Figure 2A . In addition, there was strong coupling between coils on opposite sides of the phantom. In contrast, the triangular coil array was very straightforward to decouple because once a coil was decoupled from its neighbors and its next-nearest neighbors, it was largely unaffected by any changes to the rest of the F IGUR E 3 Comparison of the flip angle (top) and SNR (bottom) between the triangular coil array (a) and the rectangular coil array (b). Phases to transmit channels were set to produce constructive interference in the center of the phantom. The overall excitation and SNR patterns were very similar for both coil arrays F IGUR E 2 S-parameters of the rectangular coil array (A) and the triangular coil array (B) with the cylindrical phantom-loaded. In contrast to 212 dB average coupling between nearest neighbors in the rectangular coil array, coupling between triangular coil array elements was 220 dB or better for all pairs S-parameter, scattering parameter.
array. Coupling between elements was 220 dB or less for all coil pairs ( Figure 2B ). The ratio of unloaded and loaded quality factor was 10 for the rectangular coil array and 5.7 for the triangular coil array.
The scanner transmitter reference voltages for the rectangular coil array and the triangular coil array were 43 and 41 volts per channel, respectively. The overall excitation patterns ( Figure 3 , top row) were very similar for both arrays, apart from a bias toward the driving end of the rectangular coil array ( Figure 3B ) (Supporting Information Figure S1 ). Sumof-square SNR plots are shown in Figure 3 (bottom row). Both 8-channel arrays achieved comparable SNR in the central region where flip angles were calibrated (90 8).
Looking at the B 1 1 field diversity, it can be seen that, although all coils behave similar in a central transverse slice, the neighboring coils 1 and coil 2 alternate in intensity when moving along z for the triangular coil array ( Figure 4A) but not for the rectangular coil array ( Figure 4B ). When shimming on the central transverse slice, both arrays provide comparable performance on that slice, and the NRMSE is 0.04 for the triangular coil array and 0.06 for the rectangular coil array. However, the homogeneity on off-center transverse slices is then notably worse for the triangular array than for the rectangular array (NRMSE 0.35 vs. 0.2 for the triangular array vs. rectangular array on the H40 mm slice and 0.35 vs. 0.4 on the F40 mm slice), because the number of effective coil elements is reduced and the field distributions for each coil are different on different slices for the triangular array. Both arrays show satisfactory RF shimming results for the central coronal slice (Figure 4, bottom) , where the triangular array, having greater diversity of coil field patterns in the z-direction, provides slightly better homogeneity than the rectangular array (0.04 NRMSE for the triangular coil array as compared to 0.09 NRMSE for the rectangular coil array).
Both arrays also show similar 1/g-factor maps in the center transverse plane ( Figure 5 ). In the coronal plane, however, a clear difference becomes apparent. In contrast to the strong noise amplification observed with the rectangular coil array, the triangular coil array showed excellent parallel imaging capability in the z-direction. The maximum g-factor was 13.1-fold lower in the 2 3 (along z) accelerated case and 9.3-fold lower in the 3 3 (along z) accelerated case. 
| D IS C US S I ON
The benefit of making coil elements in a triangular shape was assessed in measurements through B 1 1 , SNR, and g factor maps. By tilting the rungs to form triangles, the next-nearest neighbor decoupling could be achieved through pairs of counter-wound inductors. The function of the proposed decoupling mechanism in the triangular coil array was clearly demonstrated in the comparison of scattering parameters to those in the rectangular coil array. The well decoupled cylindrical triangular coil array also exhibited slightly higher power efficiency than the rectangular coil array of the same size, and the SNR performance was comparable between the 2 arrays.
The better RF shimming results for the central coronal slice (Figure 4, bottom) demonstrates the advantage of B 1 1 variation in the longitudinal direction with the triangular array. However, when shimming on the center transverse slice, the triangular array provided worse results in off-center transverse slices due to the reduced number of effective coil elements and differing coil-specific field patterns. The rectangular array provided somewhat reasonable shimming results across the slices, with some performance degradation in the slice 40 mm inferior to the center, which is likely due to the drop of B 1 1 intensities as the rectangular array was driven from the superior end. We did not fully demonstrate the performance of the proposed design in parallel transmission because there is no universally accepted metric to estimate the performance of transmit arrays. Due to the principle of reciprocity and the correlations between transmit and receive fields, the g-factor, which is widely used to assess the parallel imaging performance of coils, was used to validate the triangular coil array design. The g-factors for acceleration in the z-direction were much lower for the cylindrical triangular coil array than for the rectangular coil array. Although the g-factors for the 2 coils are similar for acceleration in central transverse plane, the acceleration ability for the triangular coil array suffers from having fewer effective elements near the either end of the coil.
In reception, the single-row 8-channel triangular coil array used here is not competitive with designs having many more receiving elements in terms of either peripheral SNR or g-factors. However, given the hardware limitation that most commercially available 7T scanners have only up to 8 individual power amplifiers for transmission, an RF transmit array with limited elements is preferable for accelerated transmission. To improve general SNR and reception acceleration performance, a separate close-fitting receive-only array with a larger number of coil elements could be integrated into a transmit-only or transmit-receive triangular coil array.
In our experiments, the triangular coil array was built on a 15.24 cm diameter cylinder, which is too small for most in vivo applications. Rescaling the design, without changing the number of elements, may be challenging. Large loop elements can be difficult to tune at high frequencies, such as 297.2 MHz for 7T proton imaging, due to the need for very small capacitor values. To reduce the tuning challenges, the triangular coil array could be enclosed in a conductive shield. 39 The shield should be slotted in a pattern following the arrangement of the coil conductors, with adjacent sections connected with large value capacitors (e.g., 330 pF at 297.2 MHz) to prevent the flow of low-frequency eddy currents induced by the gradients.
F IGUR E 5 Inverse g-factor maps for the rectangular coil array (top row) and triangular coil array (bottom row) in the central transverse plane (left 2 columns) and coronal plane (right 2 columns). All maps are rendered with the same color scale for comparison. Low values (blue) show areas with a high g-factor and associated noise amplification. The peak g-factor value for each case is shown below each map. The potential for acceleration in the z-direction is a unique advantage of the array with triangular-shaped elements g-factor, geometry.
| C ONCL US I ON
In this study, we constructed and characterized an RF array design with triangular-shaped elements, providing both diversity in field patterns in the z-direction and excellent control over decoupling between nearest and next-nearest neighboring coils. A cylindrical prototype demonstrated both these advantages over a similar rectangular coil array.
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